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Bioaffinity NMR Spectroscopy: Identification 
of an E-Selectin Antagonist in a Substance 
Mixture by Transfer NOE** 

Dirk Henrichsen. Beat Ernst. John L. Magnani. 
Wei-Tong Wang. Bemd Meyer,* and Thomas Peters* 

Leukocytes play a central role in the body's resistance to 
tissue lesions and microbial infections. So to be able to 
exercise their defense function, they must selectively enter the 
area of the affected tissue. The first step in this inflammatory 
cascade is the cytokine-induced expression of P-selectin and 
E-selectin, which, located on the surface of endothelial cells, 
interact specifically with ligands on leukocyte surfaces. With 
E-selectin this is the ESL - 1 ligand, with P-selectin the 
PSGL - 1 ligand.l 1 ' The specific interactions between selectins 
and ligands first initiate a "rolling" of the leukocytes, which 
leads to further specific interactions with other membrane 
proteins and, ultimately, to leukocyte migration into the 
affected tissue. In pathological situations such as myocardial 
infarction, transplantation, or rheumatoid arthritis, suppres- 
sion of the inflammatory cascade is desirable. Considerable 
effort has therefore been expended on the preparation of 
potent P- and E-selectin antagonists.' 2 ' In the case of 
E-selectin, the bioactive conformation of the sialyl Lewis' 
mimetic 2 was recently elucidated by transfer NOE experi- 
ments. (3 ' It emerged that the bioactive conformation of this 
antagonist has much in common with that of the sialyl Lewis* 
1 (see Scheme 1).< 4 > 

As always in the search for active compounds, the search for 
sialyl Lewis* mimetics requires screening procedures that 
allow the rapid identification of lead compounds. A procedure 
we have described recently, "bioaffinity NMR spectroscopy", 
is . based on the selective detection of transfer NOEs 
(trNOEs).'^ It makes use of the observation that small 
molecules (relative molecular mass up to about 2kDa) 
exhibit strong negative trNOEs when bound to receptor 
proteins, and can thus be differentiated from nonbinding 
molecules with weak positive NOEs. Isotope labeling of the 
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limitation to the relative molecular mass 
of the receptor protein. Lead compounds 
in pharmacological research ideally have 
relative molecular masses below 1 IcDa, 
and they are therefore, in principle, 
readily identifiable by the cited proce- 
dure. Since irNOEs are ideally suited to 
the analysis of bioactive conformations,' 6 ' 
the analysis of the bioactive conforma- 
tions of ligands in compound mixtures 
should also be possible. 

Another procedure that has been 
introduced recently for small proteins 
(<30kDa) is based on ligand-induced 
changes in U N chemical shifts of amino 
acids at the binding site measured by 1S N 
HSQC spectroscopy.' 71 However, we 
were unable to use this method since 
recombinant E-selectin, which is present 
as an IgG chimera, has a relative molec- 
ular mass of about 220 KDa, which is 
well outside the range accessible to 15 N 
HSQC spectroscopy. 

Here we show that bioactive compo- 
nents can be identified by bioaffinity 
NMR spectroscopy, even if structurally 
related ligands are present in a library. 
The compound library selected consisted 
of ten compounds (2-11, Scheme 1), 
seven of which have a basic structure 
derived from a Lewis* or Lewis 1 pattern 
(2, 3, 6, 7, 9 - 11). The tetrasaccharides 10 
and 11 are sialyl Lewis 1 and sialyl Lewis' 
tetrasaccharide derivatives with only mi- 
nor structural differences. Compound 10 
differs from sialyl Lewis' 1 only in that 
the 2-hydroxyl functional group of L- 
fucose is replaced by a methoxy group. 
The sialyl Lewis* derivative 11 contains 
an {.-galactose group in place of the 
L-fucose group. Compounds 4,' 8 i 5, and 8 
are further simplified sialyl Lewis 1 mim- 
etics that contain merely the fucose 
residue and the carboxyl group of the 
natural product 1 as potential active 
groups 

The NOESY spectra of this ligand 
library were measured at several temper- 
atures It emerged that a few ligands 
showed weak negative NOEs at room 
temperature, but most exhibited the 
weak positive NOEs that are typical of low molecular weight 
compounds. No negative NOEs were observed at 310 K. so at 
this temperature a clear differentiation between trNOES 
(negative value) and NOEs (positive value) was possible. As 
expected, the NOESY spectrum of the compound mixture 
exhibited a complex signal pattern that precluded identifica- 
tion of individual components (Figure 1, left). 
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Scheme 1. Schematic drawings of compounds Z- 
the sialyl Le»is' base structure L 
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11 present in the compound library compared with 



In the trNOE experiments, recombinant E-selectin/hlgG 
was deglycolsylated enzymatically, since it was known that the 
signals of covalently bound sialyl TV-acetyllactosamine chains 
interfere with trNOE measurements. 14 ' Treatment with glyco- 
peptidaseF (PNGaseF) and neuraminidase from Clostridium 
perfringens reduced the fraction of covalently bound carbo- 
hydrate to about one-sixth of the original value. More than 
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Figure 1. Left: 2D NOESY spectrum of the compound mixture in D,0 at 
310 K. The mixing time was 900 ms. Only positive NOEs (red) appeared. 
Right: 2D trNOESY spectrum of the compound mixture in the presence of 
E-selectin at a mixing time of 300 ms and a temperature of 310 K. A spin 
lock filter'"'' of 15 ms was used. The molar ratio of binding sites to ligands 
was 1:15 {see Experimental Section). The cross signals shown are negative 
(trNOEs) and can be assigned to the bioactive component 2. Only negative 
cross signals (black) are illustrated. Cross signals that are caused by spin 
diffusion are indicated with an arrow. GP indicates the signals of the glycan 
moiety of E-selectin. 



90% of the sialic acid residues were removed. A final 
treatment with /J-galactosidase from £ coli reduced E-selectin 
activity by about 90%, so further deglycosylation was not 
possible. The NOESY spectra of the deglycosylated E-selec- 
tin showed that the normally intense 'H NMR signals of the 
sialic acid residues have almost disappeared, whereas the N- 
acetyllactosamine signals still represented a disruptive factor. 

The trNOESY spectra of the ligand library at different 
levels of excess relative to deglycosylated E-selectin were 
measured at 310 K. This was to ensure that favorable ratios 
were present for the detection of potential trNOES of 
components that were present in the mixture at varying 
concentrations The ratios were 5:1, 8:1, 12:1, 15:1, and 20:1, 
and in all cases trNOEs were observed. The ratio of 15:1 
emerged as the most favorable (maximum trNOEs). 

A comparison of the NOESY spectrum of the free library 
(Figure 1, left) with that of the trNOESY of the library in the 
presence of E-selectin (Figure 1, right) shows that the 
majority of cross signals in the trNOESY spectrum is absent 
(under these experimental conditions they appeared as weak 
positive NOEs, and thus could be readily differentiated from 
the strong negative trNOEs). For example, no trNOEs are 
observed in the region of the chemical shifts of the aromatic 
protons, so that compounds 4 and 6-9 are eliminated as 
bioactive compounds. The typical signal patterns for N- 
acetylneuraminic acid residues, for example the cross signals 
between the geminal protons on C3 of the A'-acetylneuramic 
acid units, are also absent. Thus, 10 and 11 were also rejected 
as bioactive compounds. Compound 5. which contains L-fu- 
cose as a C-glycosidic linkage, is characterized by the presence 
of 13 CH 2 groups. In the trNOESY spectrum there is, 
however, no sign of this number of CH ; groups. Therefore, 
the trNOESY cross signal pattern observed is assigned to 
either 2 or 3. Both are derived from the natural sialyl Lewis* 
structure 1, in which the /V-acetylglucosamine residue is 
replaced by a cyclohexanediol ring (Cyc). and the N- 



acetylneurammic acid by a ciclohexUlactic acid residue 
(Lact). In 2 the cvclohexyllactic acid has an S configuration, 
and in 3 an R configuration. A differentiation between these 
two compounds was not possible on the basis of the trNOE 
cross signal pattern. A comparison of the NOESY spectra was 
necessary, which demonstrated that 2 was the active compo- 
nent, as will be discussed in more detail in the following. 

A complete assignment of the H NMR signals for the sialyl 
Lewis" mimetic 2 has already been made. I J ' and the bioactive 
conformation was determined by trNOE experiments There- 
fore, in the following only the assignment of a number of the 
more important signals will be discussed briefly. Figure 2 
illustrates the sections from the NOESY (left) and trNOESY 
(right) spectra that are especially characteristic for the 
bioactive compound 2. There are a series of interglycosidic 
trNOEs between the cyclohexanediol ring (Cyc) on the one 
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figure Z Left: section from the 2D NOESY spectrum in Figure 1. Right: 
section from the 2D trNOESY spectrum in Figure 1. The typical cross 
signal patterns for 2 are clearly recognizable, and several of them are 
labeled. Interglycosidic trNOEs between the anomeric protons of fucose 
and galactose and the cyclohexane ring lie under these cross signals The 
encircled region indicates the extinction of an interglycosidic trNOE by 
superimposition with positive NOEs of the free library (see text). 



hand, and fucose (F) and galactose (G) on the other, a number 
of which are labeled in Figure 2. Starting from Hl°, there are. 
for example, interglycosidic trNOEs to FDa^, H4a c >\ H4e c ", 
and HSe^™, of which the latter three are caused by spin 
diffusion in the cyclohexane ring. The interglycosidic trNOE 
between H2° and H6 F is also unambiguously recognizable. A 
further characteristic trNOE between Ha Uct and H3 G is also 
observed (not shown in the section in Figure 2). Other typical 
cross signals for 2 are observed within the cyclohexane ring as 
well as the cyclohexyllactic acid residue, as is illustrated in 
Figure 2. Starting from H1 F , there are interglycosidic trNOEs 
to H6a c > c . H6e c * c , H4a c > c . H4e c > c , H5e c !\ and H3a c > c . Since 
only the effects towards H6a c>c and H6e Cyc may be considered 
to be "direct" trNOEs. a high fraction of spin diffusion is also 
present here. The cross signal for the connectivity between 
Hl F and the protons H4e c>c and H5e c>c . which is transmitted 
by spin diffusion, lies on a trace of further cross signals (this is 
labeled by an arrow in Figure 1, right), which is almost 
exclusively attributable to spin diffusion. This becomes clear 
from a comparison with the NOESY spectrum of the free 
library (Figure 2. left), since there these cross signals are 
absent. Equally, the fact that all protons of fucose show 
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iniraglycosidic trNOEs 10 the C6 methyl group of fucose is 
attributable to spin diffusion (Figure 2. right i. Whereas spin 
diffusion is a disadvantage for the structural characterization 
of biological macromolecules. here it greatly simplifies 
unambiguous assignment of the bioactive component 2. 
However, superposition of positive NOE and negative trNOE 
cross signals also lead to extinction of one interglycosidic 
NOE, namely, that between Hl c and H3e c " (encircled region 
in Figure 2, right). 

The trace of cross signals labeled "GP" in Figures 1 and 2 is 
not observed for the free library. These are signals which must 
be assigned to the /V-acetyl groups of the covalently bound N- 
acetyllactosamine residues in E-selectin. This becomes im- 
mediately clear by comparison with a NOESY spectrum of 
E-selectin. Apparently, the spin lock pulse 1 ' 01 that is applied at 
the beginning of the f| evolution period during the measure- 
ment of the trNOESY spectra effectively filters the interfer- 
ing protein signals, but not, however, the signals of the mobile, 
covalently bound carbohydrate chains. This effect may be 
used directly to observe carbohydrate chains of glycoproteins 
selectively, but here it is undesirable. 1 " 1 

Overall the NMR experiments show that the library 
contains only one component with binding activity towards 
E-selectin, namely, compound 2. Generally it may be said that 
identification of ligands with dissociation constants K a in the 
range 10" 7 to 10~ 3 is possible with bioaffinity NMR spectro- 
scopy. In conclusion, it should also be mentioned that 
derivative 4, which has been described as a potential 
E-selectin mimetic, 181 shows no trNOEs. The same applies to 
compound 5, which is closely related to fucopeptides, for 
which good binding activity was reported.' 2 '" In spite of the 
structural similarity, no trNOEs were observed for 5. Thus, the 
K D values of 4 and 5 must be greater than 10~ 3 m. 

To verify our results, we carried out independent ELISA 
activity measurements.' 12 ' These confirm the results of our 
trNOE experiments.' 13 ' 

In total, the investigations show that the bioaffinity NMR 
procedure we have recently described' 5 ' is well suited for the 
identification of bioactive components, even where significant 
structural similarities lead to extensive signal overlap. In 
contrast to current procedures, bioaffinity NMR spectroscopy 
has a number of advantages which should be highlighted: 
1) Separation of the components of a library or. in general, of 
any mixture prior to activity tests is not necessary. 2) Small 
amounts of protein suffice since the ligands are added in a 10- 
to 20-fold excess. 3) The protein tested can be used for further 
tests after dialysis. 4) Neither the protein nor the ligand must 
be immobilized. 5) The procedure may be used in competitive 
experiments and, in particular, the investigation of allosteric 
effects. 

Experimental Section 

Recombinant E-selectin/hlgG was obtained as previously described: 1 " 1 
compounds 2-11 were synthesized. 1 "' 

Deglycosylation of E-seleclin/hlgG with PNGaseF and neuraminidase: 
E-selectin/hlgG (10 mg. 1.75 mg per mL phosphate buffered solution 
(PBS)) was adjusted topH 8.6. PNGaseF (Sigma. G-8031: 40 units. 200 uL) 
«as added, and the mixture was incubated for 16 h at 37 C. Deglycosy- 
lation was followed by gel filtration chromatography and SDS-PAGE. 



When conversion was complete, separation was achieved uiih a Sephacryl 
S-4(X) column in PBS at pH 7.4. Incubation with agarose-immobilized 
neuraminidase from Clostridium nerfringens was carried out h> the same 
method at pH 4.5 and 37 C. The activity was tested against HSA-couplcd 
sialyl Lewis* (HSA = human serume albumine). 

For NMR investigations. E-selectin/hlgG (2.5 mg. 1 1.25 nmol) was dialyzed 
against deuterated imidazole (lOOmM) and CaCI : (1 mM) in D : 0 at pH 7.4 
and concentrated to a sample volume of 0.5 mL with Centricon YM-50 
(Amicon). Compounds 2-11 were present in the mixture in the following 
amounts: 2 (<W„, = 600.64) 1.66 umol. 3 (M„, = 600.64) 1.91 umol. 4 (.W re , = 
4P 38) 3.12 umol. 5 (M„, =614.63) 2.74 umol. 6 (M„, = 586.6) 0.99 umol. 7 
<A/„, = 592.58) 1.66 umol. 8 f.W. t , = 590.54) 1.76 umol. 9 (M tr: = 623.59) 
1.84 umol. 10 (M„, = 9S7.0) 1.25 umol. U (M„, = 1037.05) 1.205 umol. The 
compound mixture was used to prepare the following E-selectin:ligand 
mole ratios (each E-selectin/hlgG chimera contains two binding sites for 
ESL - 1): 1:5, 1:8, 1:12. 1:15. 1:20. The data for the ligands relate in each 
case to compound 11. 

All spectra were measured on a Broker DRX 500 NMR spectrometer 
(500.13 Mhz). The phase-sensitive 2D NOESY spectra of the substance 
mixture were measured at 300 or 310 K with 512 increments in / ; (TPPI). 
each with 32 scans of 2 K data points in r, . The spectral width was 10 ppm in 
both dimensions. Prior to the Fourier transformation, the data matrix was 
zero-filled to 2 K x 1 K data points. For measurement of the 2D trNOESY 
spectra of the compound library in the presence of E-selectin. a spin lock 
pulse (3.2 kHz) of 15 ms duration was applied after the first .i/2 pulse." 01 A 
total of 48 scans per r, increment was recorded. 
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The search for new low-molecular weight catalysts is one of 
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des.gn and synthests o enzy, „ ^ *od ^^j^. 
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Q__ { p|G } --.p h e-x-G.y G iy-x-GiyGiy-x- G1 v Gl v- x 
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ethylene glycol. 
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